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Isolation of the Cyclosporin-Sensitive T Cell 
Transcription Factor NFATp 

Patricia G. McCaffrey, Chun Luo, Tom K. Kerppola, Jugnu Jain, 
Tina M. Badalian, Andrew M. Ho, Emmanuel Burgeon, 
William S. Lane, John N. Lambert, Tom Curran, 
Gregory L Verdine, Anjana Rao,* Patrick G. Hogan 

Nuclear factor of activated T cells (NFAT) is a transcription factor that regulates expression 
of the cytokine interleukin-2 (IL-2) in activated T cells. The DNA-binding specificity of NFAT 
is conferred by NFATp, a phosphoprotein that is a target for the immunosuppressive 
compounds cyclosporin A and FK506. Here, the purification of NFATp from murine T cells 
and theisolationofacomplementaryDNAcloneencodingNFATpare reported I Atruncaed 
form of NFATp expressed as a recombinant protein in bacteria, binds specifically to the 
NFAT site of the murine IL-2 promoter and forms a transcriptionally active complex with 
recombinant c-Fos and c-Jun. Antisera to tryptic peptides of the purified protein or to the 
recombinant protein fragment react with T cell NFATp. The molecular cloning of NFATp 
should allow detailed analysis of a T cell transcription factor that is central to initiation of 
the immune response. 



Nuclear factor of activated T cells is an 
inducible DNA-binding protein that binds 
to two independent sites in the IL-2 pro- 
moter (1, 2). NFAT is a multisubunit 
transcription factor (3) consisting of at least 
three DNA-binding polypeptides, the pre- 
existing subunit NFATp (4-6) and ho- 
modimers or heterodimers of Fos and Jun 
family proteins (6-9). NFATp is present in 
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the cytosolic fraction of unstimulated T 
cells (3-7); after T cell activation, it is 
found in nuclear extracts and forms DNA- 
protein complexes with Fos and Jun family 
members at the NFAT sites of the IL-2 
promoter (3, 5-9). NFATp has also been 
implicated in the transcriptional regulation 
of other cytokine genes, including the 
genes for granulocyte-macrophage colony- 
stimulating factor (GM-CSF), IL-3, 1L-4, 
and tumor necrosis factor-a (TNF-a) (10). 

NFATp is the target of a Ca 2+ -depen- 
dent signaling pathway initiated at the T 
cell receptor (3, 4, 6, 7, 1 1-13). The rise in 
intracellular free Ca 2+ in activated T cells 
results in an increase in the phosphatase 
activity of the Ca 2+ - and calmodulin-de- 
pendent phosphatase calcineurin (14). 
NFATp is a substrate for calcineurin in 
vitro (4, 6) and is thought to be dephos- 
phorylated by calcineurin in activated T 
cells, resulting in its translocation from the 
cytoplasm to the nucleus (13). Cyclosporin 



A (CsA) and FK506, which act as a com- 
plex with their respective intracellular re- 
ceptors to inhibit the phosphatase activity 
of calcineurin (15), block the dephosphor- 
ylation of NFATp (4) and the appearance 
of NFAT in nuclear extracts of stimulated 
T cells (2, 3, 7, 12). This mechanism may 
account for the sensitivity to cyclosporin of 
IL-2 and other cytokine genes (10, 13) and 
thus for the profound immunosuppression 
caused by CsA and FK506 (13). 

NFATp was purified from the C1.7W2 
cell line (16), a derivative of the murine T 
cell clone Ar-5 (17), by ammonium sulfate 
fractionation followed by successive chro- 
matography on a heparin-agarose column 
and an NFAT oligonucleotide affinity col- 
umn (18). A silver-stained SDS gel of the 
purified protein showed a major broad band 
migrating with an apparent molecular size 
of -120 kD (Fig. 1, top). We have shown 
that this band contains a DNA-binding 
phosphoprotein that is dephosphorylated by 
calcineurin to yield four sharp bands mi- 
grating with apparent molecular sizes of 
-110 to 115 kD (6). NFATp DNA-bind- 
ing activity was demonstrable in protein 
eluted from the SDS gel and renatured (4), 
and more than 90% of the activity recov- 
ered from the gel comigrated with the 
~120-kD band (Fig. 1, lane 7). The faster 
migrating complexes formed with proteins 
of slightly smaller molecular size (lanes 8 to 
11) most likely derive from partial proteol- 
ysis. The purified protein binds to the 
NFAT site with the appropriate specificity 
and forms a DNA-protein complex with 
recombinant Fos and Jun (6). 

to confirm that the 120-kD protein was 
the preexisting subunit of the T cell tran- 
scription factor NFAT, we used antisera to 
tryptic peptides derived from the 120-kD 
protein (18). When one such antiserum (to 
peptide 72) was included in the binding 
reaction, it "supershifted" the NFATp- 
DN A complex formed by the cytosolic frac- 
tion from unstimulated T cells (Fig. 2, lane 



750 



SCIENCE • VOL. 262 • 29 OCTOBER 1993 



Reports 



3), as well as both NFAT complexes formed 
by nuclear extracts from stimulated T cells 
(lane 8). The effect of the serum was 
prevented by preincubation with its cog- 
nate peptide (lanes 4 and 9), but not by 



NFATp 
silver stain 




EMSA 



Fig. 1. Analysis of purified NFATp by renatura- 
tion of NFATp activity after SDS-PAGE. (Top) 
Purified NFATp (50 ng) was subjected to elec- 
trophoresis on an analytical 6% SDS-polyacryl- 
amide gel and subsequently silver-stained 
(Pierce Gel-code kit). (Bottom) A second lane 
of the same gel was loaded with 50 ng of the 
purified protein. After electrophoresis, the gel 
was sliced, proteins were eluted from gel slices 
and renatured, and the fractionated proteins 
were evaluated in an electrophoretic mobility- 
shift assay for the ability to bind to the NFAT site 
of the murine IL-2 promoter (4). 
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Fig. 2. Antisera to tryptic peptides of purified 
NFATp react with NFATp in T cell extracts. 
Cytosolic extracts (4) from unstimulated Ar-5 T 
cells (lanes 1 to 5) or nuclear extracts (23) from 
Ar-5 T cells stimulated with antibody to CD3 
(anti-CD3) (lanes 6 to 10) were incubated with- 
out antiserum (lanes 1 and 6), with antiserum to 
peptide 72 (immune, lanes 3 and 8), or with 
serum from the same rabbit taken before immu- 
nization (preimmune, lanes 2 and 7), then ana- 
lysed by gel-shift assay for binding to the NFAT 
oligonucleotide (7). For peptide competition, 1 
M-g of peptide 72 (lanes 4 and 9) or peptide 25 
(lanes 5 and 10) was mixed with the antiserum 
before it was added to cell extracts. Filled 
arrowheads identify the cytosolic NFATp. nu- 
clear NFATp, and nuclear NFATp-Fos-Jun 
complexes; open arrowheads indicate the "su- 
pershifted" complexes; the unmarked complex 
results from binding of serum proteins. 



preincubation with a different peptide 
(lanes 5 and 10). Preimmune serum had no 
effect on binding (lanes 2 and 7). Similar 
effects were seen with antisera to peptides 
23.1 and 25. These data demonstrate that 
the purified protein is NFATp. 

In order to isolate a cDNA clone for 
NFATp, we used degenerate oligonucleo- 
tides based on the sequences of two tryptic 
peptides of purified NFATp in a polymerase 
chain reaction (PCR) to amplify an —800- 
bp fragment from C1.7W2 cDNA, and the 
fragment was used to screen a cDN A library 
from murine T cells (19). The longest clone 
isolated contains an insert of —4.5 kb in 
length, with an open reading frame extend- 
ing 2672 base pairs (bp) from the 5' end of 
the insert and with —1.8 kb of 3' untrans- 
lated region that does not extend to the 
polyadenylate tail. The open reading frame 
encodes a polypeptide of 890 amino acids 



CSSASFISOTFSPYTSPCVSFWIAGPDDLCPQFQN1PAHYSPRTSPXMSP 



RXSXAEDSCXXn^PVFRPASRSSSPCAKRSHSCAEALVAPLPAASPQRS 



I^PSPQPSPHVAPQDDSIPAGYPPTAGSAVLMDAIJrriATDSPCGIPSKI 
151 

WKTSPDPTPVSTAPSKAGIJU^iypTVEFI^PCEQEERiWSAPESILLVP 

XXX* 23.3 [ 

201 T 

PTWPKQLVPAIPICS IPVTASLPPLEWPLSNQSGS YELRIEVQPKPHHRA 
1 72 x -I 

251 

HYETEGSRCAVKAPTGCHPVVQIiJGYMENKPr^LQIFIGTADERILKPHA 
301 

H--10.2-H 
351 

NADIELRKGETDICTUarrRVRLVFRVHVPEPSGRTVSLQAASNPIECSQR 
401 

S AHELPMVZRQ DMDS CLVYGGQQKI LTGQNFTAES KVVTKEKTTDGQQIW 

| 48 1 H23.2H 
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RKKWKKTLVQPGLLPSFLLLGSLSA 



WCCQHPIXnx:PVIJ>GPIAVEWWEGQLGRGI^ 
851 

lAGVVGMVLLTUlHHrSMDQNQTPSPHWQRHKEVAS PCWI 

Fig. 3. Deduced amino acid sequence of 
NFATp. The underlined sequences match the 
sequences of tryptic peptides from purified 
NFATp. X in the underlining for peptides 23.3 
and 72 indicates positions at which the identity 
of the amino acid could not be determined 
unambiguously. The arrowheads delimit the 
NFATp sequence contained within the recom- 
binant protein that was expressed in bacteria. 
Tne sequence of murine NFATp has been de- 
posited with GenBank (accession number 
U02079). Single-letter abbreviations for the 
amino acid residues are as follows: A, Ala; C, 
Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, lie; 
K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gin; R, 
Arg; S. Ser; T. Thr; V, Val; W, Trp; and Y, Tyr. 



(Fig. 3) that contains eight of nine tryptic 
peptides identified by sequencing of purified 
NFATp. The cDNA insert may lack a small 
amount of coding sequence at the 5' end, 
because the predicted molecular size of the 
encoded protein (97 kD) is somewhat 
smaller than the apparent molecular size of 
dephosphorylated NFATp [110 to 115 kD 
(6)] and because one tryptic peptide from 
purified NFATp is unaccounted for in the 
encoded protein. A search of the Genbank 
DNA and protein databases with the Blast 
algorithm (20) indicated that the cDNA 
encodes a previously unidentified protein. 
A 464-amino acid fragment containing the 
DNA-binding domain displayed a limited 
similarity to the rel homology domain of 
human and murine RelA (p65) (18.9 and 
17.8% amino acid identity, respectively, 
over 428 amino acids). A preliminary anal- 
ysis of additional cDNA clones indicates 
that T cells express at least three forms of 
NFATp related to each other by alternative 
splicing and differing at their COOH-ter- 
mini. 

The T cell lines C1.7W2 and Ar-5, but 
not L cells, express NFATp mRNA (Fig. 
4), consistent with our previous demonstra- 
tion that NFATp protein is present in T 
cells but not in L cells (4). The ~800-bp 
PCR fragment hybridized to a transcript of 
-8-9 kb expressed in the C1.7W2 T cell 
line used for purification of NFATp (lane 1) 
and in the untransformed T cell clone Ar-5 
used to generate the cDN A library (lane 2) , 
but did not hybridize to any transcript 
expressed in L cells (lane 3). Two other 
cDNA probes representing different parts of 
the coding region of NFATp gave similar 
results. We are presently undertaking a 



Fig. 4. Northern (RNA) « „ 
analysis of NFATp mRNA £ in © 
in T cell and fibroblast cell o < _i 
lines. Cytoplasmic RNA 
from the murine T cell 
clone Ar-5, the. trans- 
formed T cell line CI.7W2, 
and the murine fibroblast L 
cell line were separated by 
electrophoresis in formal- 
dehyde gels, transferred to 
nylon, and hybridized with 
a labeled fragment of 
NFATp coding sequence 
corresponding to the 
~800-bp PCR product. 
The positions of the major 
NFATp transcript (arrow) 
and of the 28S and 18S 
ribosomal RNAs are indi- 
cated. The lower panel 
shows ethidium bromide 
staining of the RNA before 
transfer to nitrocellulose in- 
dicating that the RNA was intact and that equiv- 
alent amounts of RNA were loaded in each 
lane. 
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systematic analysis of the tissue distribution 
of NFATp by protein immunoblotting anal- 
ysis and quantitative PCR. 

To test directly whether the cDNA en- 
coded a protein with the characteristics of 
NFATp, we examined the ability of a re- 
combinant fragment of the protein to bind 
to the NFAT site of the murine IL-2 pro- 
moter and to associate with Fos and Jun. A 
464-amino acid fragment of the protein 
(sequence between arrowheads in Fig. 3) 
was expressed as a hexahistidine-tagged 
protein in bacteria (21). This recombinant 
protein bound to the NFAT oligonucleo- 
tide in a gel-shift assay (Fig. 5A, lane 1). Its 
binding specificity was identical to that of 
authentic T cell NFATp (4-7), as judged 
by competition with excess unlabeled 
NFAT oligonucleotide (lane 2) and the 
mutant NFAT oligonucleotides Ml to M3 
(lanes 3 to 5). The Ml oligonucleotide 
(lane 3) is mutated in four bases remote^ 
from the NFAT binding site and competes 
as strongly for binding as the authentic 
NFAT oligonucleotide; the M2 oligonucle- 
otide (lane 4) is mutated in four bases 
located between the Ml and M3 regions 
and competes with intermediate efficiency; 
and the M3 oligonucleotide (lane 5) is 
mutated in the GGAA tetranucleotide se- 
quence essential for binding of NFATp 
(4-7, 22, 23) and does not compete for 
binding. Methylation interference analysis 
also showed that binding of the recombi- 
nant protein to the NFAT site required the 
GGAA core binding region, as previously 
demonstrated for NFAT (22, 23). Like 
NFATp purified from T cells (6), the re- 
combinant protein associated with ho- 
modimers of c-Jun or with heterodimers of 
c-Fos and c-Jun, but not with c-Fos alone, 
to form a DNA-protein complex that mi- 
grated with slower mobility than the 
NFATp-DNA complex in a gel-shift assay 
(lanes 7 to 9). The c-Fos and c-Jun proteins 
do not bind to the NFAT oligonucleotide 
in the absence of NFATp (lane 10). The 
complex containing c-Fos and c-Jun resem- 
bled the nuclear complex of NFATp, Fos, 
and Jun in that its formation was competed 
by excess unlabeled activator protein 1 
(AP-1) oligonucleotide. These data indi- 
cate that a ~50-kD fragment of NFATp is 
sufficient to account for the DNA-binding 
properties of NFATp and for its ability to 
associate with Fos and Jun proteins. 

Evidence that the cDNA clone encodes 
NFATp was provided by the ability of 
antisera to the recombinant protein to react 
specifically with NFATp from cytosolic or 
nuclear extracts of T cells. When serum 
from a rabbit immunized with the recombi- 
nant protein (21) was included in the gel- 
shift assay, a small proportion of the 
NFATp-DNA complexes were "super- 
shifted" (Fig. 6, lane 3), and most of the 
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Fig. 5. Binding of a recombinant fragment of 
NFATp (NFATpXS) to DNA and association with 
Fos and Jun proteins. (A) Lanes 1 to 5, binding 
of the recombinant fragment of NFATp (21) to 
the distal NFAT site of the murine IL-2 promoter 
was assessed by electrophoretic mobility-shift 
assay (4) in the presence or absence of a 
200-fold excess of unlabeled competitor oligo- 
nucleotides. The arrows indicate two DNA-pro- 
tein complexes formed with NFATpXS. Lanes 7 
to 9, full-length recombinant c-Fos and c-Jun 
proteins (30) were included in the binding 
reactions. The open arrows indicate Jun-Jun- 
NFATpXS complexes, whereas the closed ar- 
rows indicate Fos-Jun-NFATpXS complexes. 
Lane 10, Fos and Jun proteins do not bind to 
the NFAT oligonucleotide. (B) Sequences of 
competitor oligonucleotides. 
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DNA-protein complexes appeared to be in 
large aggregates (lanes 3 and 7). The pre- 
dominance of large aggregates probably re- 
flects recognition by the serum of multiple 
antigenic determinants on NFATp. Preim- 
mune serum from the same rabbit did not 
alter the mobility of NFATp-DNA and 
NFAT-DNA complexes (lanes 2 and 6). 

To examine the role of the cloned 
NFATp protein in transcription, we tested 
the effect of the recombinant NFATp frag- 
ment on transcription in vitro from a tem- 
plate containing three NFAT sites up- 
stream of the murine IL-2 promoter (Fig. 
7). The same plasmid has been used to 
demonstrate transcriptional activation in 
vivo in response to stimulation with anti- 
gen (7). A combination of the recombinant 
NFATp fragment with c-Fos and c-Jun, or 
with c-Jun only, activated transcription 
from this construct (Fig. 7, lanes 2 and 3). 
In combination with NFATp, a Jun dele- 
tion derivative (J91-334) lacking the NH r 
terminal repressor domain was a more po- 
tent activator than full-length Jun (lanes 6, 
7, and 14), as previously observed for tran- 
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Fig. 6. Antisera to recombinant NFATp react 
with NFATp in T cell extracts. Cytosolic extracts 
from unstimulated Ar-5 T cells or nuclear ex- 
tracts from cells stimulated with anti-CD3 were 
incubated without antiserum (lanes 1 and 5), 
with an antiserum to the recombinant NFATp 
fragment (21) (lanes 3 and 7), or with preim- 
mune serum from the same rabbit (lanes 2 and 
6), followed by gel-shift analysis of binding to 
the NFAT oligonucleotide. 

scriptional activation by Jun at AP-1 sites 
(24). In contrast, neither the truncated 
NFATp alone nor AP-1 proteins alone had 
a notable effect (lanes 5, 10, and 11). 
Truncated Fos and Jun proteins (F139-200 
and J24 1-334) containing the dimeriza- 
tion and DNA-binding domains but lack- 
ing transcriptional activation domains are 
able to form a complex with NFATp (6). 
However, they did not activate transcrip- 
tion in conjunction with truncated 
NFATp (lanes 8 and 9), indicating that 
the truncated NFATp is not transcription- 
ally active in the absence of Fos and Jun. 
No notable transcriptional activation was 
observed when a template containing a 
mutated NFAT site incapable of binding 
NFATp was used (lanes 15 to 17). More- 
over, the truncated NFATp had no effect 
on transcription activated by Fos and Jun 
on a template containing an AP-1 site 
(lanes 18 to 24), consistent with our 
previous observation that NFATp does 
not form a complex with Fos and Jun on 
the AP-1 site (6). 

These data show that truncated NFATp 
forms a transcriptionally active complex 
with Fos and Jun at the IL-2 promoter 
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Fig. 7. Transcriptional ac- 
tivation by NFATp, c-Fos, 
and c-Jun on different 
templates. The templates 
indicated above the lanes 
were incubated with the 
proteins listed and tran- 
scribed in vitro in Nama- 
Kva nuclear extracts (24, 
31). The. pMILNFAT-CAT 
construct (lanes 1 to 14) 
contains three NFAT sites 
upstream of the basal IL-2 
promoter (7). The pMILM3- 
CAT construct (lanes 15 
to 1 7) contains four NFAT 
sites in which critical con- 
tact residues have been 
altered (7). The pCOL- 
CAT construct contains 
esidues -73 to +63 of 
he human collagenase 
promoter including an 
lAP-1 site (24). Tran- 
scripts were resolved on 
denaturing potyacryl- 
amide gels and quantitat- 
ed with the use of a phos- 
phorimager. The filled ar- 
rowheads point to the 
specific transcripts and 
the open arrowheads to 
internal controls. Tran- 
scription in the presence 
|of different combinations 

|of proteins was expressed relative to a reaction in the absence of recombinant proteins (fold 
'activation). The average of several independent experiments (number shown at the base of each 
bar) and the standard deviation in cases where more than three independent experiments were 
performed are shown (solid bars, activation; open bars, repression). 
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NFAT site. They are consistent with the 

■interpretation that NFATp primarily deter- 
mines the DNA-binding specificity of the 
NFAT complex in vivo, whereas at least a 
portion of the transcriptional activity is 
^provided by Fos and Jun. Because the cur- 
Kent experiments were performed with a 
"truncated NFATp, they do not exclude the 
possibility that full-length NFATp has a 

■transcriptional activation domain that can 
function in the absence of Fos and Jun. 
However, there is evidence suggesting that 
Fos and Jun family proteins are required 

tlong with NFATp to activate transcription 
t the IL-2 promoter NFAT site in vivo, 
since mutations in the NFAT site that 
prevent the association of Fos and Jun with 
■NFATp abolish the function of this site in 
^activated T cells (8). 

The cDNA clone reported here fulfills 
four essential criteria defining NFATp: (i) 

I the mRN A is expressed in T cells but not in 
fibroblasts, (ii) a recombinant fragment of 
the protein binds specifically to the NFAT 

Ksite, (iii) the recombinant protein fragment 
brms a transcriptionally active complex 
vith Fos and Jun on the NFAT DNA 
sequence, and (iv) antibodies to the recom- 
^binant protein specifically react with 



NFATp in T cell extracts. The recombi- 
nant protein defines a functional 464-ami- 
no acid fragment of NFATp that contains 
the domains required for DNA binding and 
for formation of a transcriptionally active 
complex with Fos and Jun. The cloning of 
this previously uncharacterized DNA-bind- 
ing protein makes possible detailed studies 
of its structure, its interactions with other 
transcription factors and with specific sites 
in DNA, its role in the induction of IL-2 
and other cytokine genes, and its regulation 
by calcineurin during T cell activation. 
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Nonuniform Probability of Glutamate Release 
at a Hippocampal Synapse 

Christian Rosenmund,* John D. Clements.t Gary L. Westbrook* 

S^SfSy^ <? f 30 N-rtrt mechanism 

structure of synaptic terminals in th* Vo„*Li „f reconc "e with the nonuniform size and 
measured at LSojTynises onSSn^ Re ' 6ase probabili * was 

progressive block oZ^S^^'^Z^SlT^ ^ 0f the 

irreversible open channel blocker MK flrfi ! ^ ed Synapt,c currents b V th <» 

0.09 to 0.54) for SSSmSSZ from TshSe ZnT^ T FT* 0 ™ (range of 
However, terminals with high I 'are mor X, ? ^SJ^Z**?!" 1 3 l0W P r 
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The probability of transmitter release (P r ) 
from individual synaptic terminals can be 
estimated from excitatory postsynaptic cur- 
rent (EPSC) amplitude fluctuations by the 
use of a statistical model of the release 
process (quantal analysis) (I, 2). This ap- 
proach is complicated if P r is not the same 
for all terminals (2). It is difficult to esti- 
mate P r at central synapses because minia- 
ture EPSC amplitudes are close to the 
intrinsic recording noise level and are high- 
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ly variable (2, 3). Furthermore, the assump- 
tions underlying statistical models of trans- 
mitter release may not always be appropri- 
ate at central synapses (2, 4). For instance, 
the standard binomial model assumes that 
P r is uniform at all synaptic terminals. To 
test directly for nonuniform P r , we devel- 

° Pe Av/Ti alternative to quantal an a'ysis. 

Whole-cell recordings were made from 
single cultured rat hippocampal neurons 
that formed recurrent (autaptic) synapses 

^L^^ 0rdingS ° f N - m ethyI-D-aspartate 
(NMDA) receptor-mediated EPSCs were 

m w^ A C and durin S exposure to the 
NMDA open channel blocker, MK-801 (5 
to 20 ,tM) (6). Channels were irreversibly 
Mocked I under our recording conditions (7) . 
Ihe MK-801 exposure increased the decay 
rate of the EPSC (Fig. 1, A and B) and, 
with repeated stimuli, progressively reduced 
its amplitude (Fig. 1A). Hie progressive 
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block rate was measured by the fitting of a 
single exponential to the EPSC peak am- 
pHtude plotted against stimulation number. 
The rate of progressive block reflects, in 

Pa n' *! r ' If Pf is high then more terminals 
vtwAa? transmitter > more postsynaptic 
NMDA channels will open, and the pro- 
gressive block should be more rapid. Con- 
sistent with this hypothesis, the progressive 
block rate was proportional to P (Fig. 1 C 
and D). Raising the calcium concentration 
increased the EPSC amplitude in the ab- 
sence of MK-801 (Fig. 1C), and the pro- 
gressive block rate in MK-801 (5 p,M) 
increased proportionally (Fig. ID) (8). 
Thus, the progressive block rate provides a 
relative measure of P r . To obtain a quanti- 
tative measure of P r , estimates of the time 
x?w^ e A 0f i glutamate 1x1 the synaptic cleft, 
iliXni l T d 0pen P^ability (PJ and 
MK-801 binding rate are also required. All 
these parameters have been measured (6, 
9-1 1), but P c was obtained from outside- 
out patch or whole-cell recordings that 
include extrasynaptic channels (6, Jl). 
Therefore, we examined the P G of synapti- 
cally activated NMDA channels. 

Channel open probability has been cal- 

S?S2 fr ° m the Passive block of 
NMDA currents by MK-801 (]J), but this 
approach cannot be applied to synaptic 
currents because progressive block is also 
influenced by P r . However, the faster decay 
rate of NMDA receptor-mediated EPSCs 
in the presence of MK-801 (Fig. IB) can be 
used to estimate P o . This rate can be used 
because the irreversible block of open chan- 
nels early in the synaptic response prevents 
reopenings later in the response and thus 
accelerates the EPSC decay (11). This ac- 
celeration increases with increasing P A 
chemical kinetic model (9) (Fig. 2A imet) 
was used to fit the time course of the 
synaptic current recorded in the absence 
and presence of MK-801 (5 u*M) (Fig. 2A) 
(12). The channel opening rate was the 
only free parameter in the kinetic model 
that affected the change in decay rate pro- 
duced by MK-801, and it had an optimum 
value of 12.4 ± 0.7 s" 1 (mean ± SEM, n = 
11). Channel open probability was then 
calculated from the opening and closing 
rates (r c and r c , respectively) with the 
n q ^ ion P o = rj(r 0 + r c ); P o was 0.053 ± 
0.003 (n = 1 1). The open probability of an 
NMDA channel at the peak of a synaptic 
response (P c *) was also calculated from the 
optimum kinetic model to be 0.041 ± 
0.003 (n = 1 1). This probability is less than 
P Q because some desensitization and agonist 
dissociation occur during the rising phase of 
the response. Our estimate of P* was 
significantly lower than that for channels in 
outside-out patches (P o * = 0.27) (//). 
This discrepancy was not due to differences 
in the analysis procedures (23). The lower 



